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http://www.malariajournal.com/content/13/1/131RESEARCH Open AccessAn experimental hut study to quantify the effect
of DDT and airborne pyrethroids on entomological
parameters of malaria transmission
Sheila B Ogoma1,2*, Lena M Lorenz2, Hassan Ngonyani1, Robert Sangusangu1, Mohammed Kitumbukile1,
Masoudi Kilalangongono1, Emmanuel T Simfukwe1, Anton Mseka1, Edgar Mbeyela1, Deogratius Roman1,
Jason Moore1,2, Katharina Kreppel1,3, Marta F Maia1,4,5 and Sarah J Moore1,4,5Abstract
Background: Current malaria vector control programmes rely on insecticides with rapid contact toxicity. However,
spatial repellents can also be applied to reduce man-vector contact, which might ultimately impact malaria
transmission. The aim of this study was to quantify effects of airborne pyrethroids from coils and DDT used an
indoor residual spray (IRS) on entomological parameters that influence malaria transmission.
Methods: The effect of Transfluthrin and Metofluthrin coils compared to DDT on house entry, exit and indoor
feeding behaviour of Anopheles gambiae sensu lato were measured in experimental huts in the field and in the
semi-field. Outcomes were deterrence - reduction in house entry of mosquitoes; irritancy or excito-repellency –
induced premature exit of mosquitoes; blood feeding inhibition and effect on mosquito fecundity.
Results: Transfluthrin coils, Metofluthrin coils and DDT reduced human vector contact through deterrence by 38%,
30% and 8%, respectively and induced half of the mosquitoes to leave huts before feeding (56%, 55% and 48%,
respectively). Almost all mosquitoes inside huts with Metofluthrin and Transfluthrin coils and more than three
quarters of mosquitoes in the DDT hut did not feed, almost none laid eggs and 67%, 72% and 70% of all
mosquitoes collected from Transfluthrin, Metofluthrin and DDT huts, respectively had died after 24 hours.
Conclusion: This study highlights that airborne pyrethroids and DDT affect a range of anopheline mosquito
behaviours that are important parameters in malaria transmission, namely deterrence, irritancy/excito-repellency
and blood-feeding inhibition. These effects are in addition to significant toxicity and reduced mosquito fecundity
that affect mosquito densities and, therefore, provide community protection against diseases for both users and
non-users. Airborne insecticides and freshly applied DDT had similar effects on deterrence, irritancy and feeding
inhibition. Therefore, it is suggested that airborne pyrethroids, if delivered in suitable formats, may complement
existing mainstream vector control tools.Background
Currently, malaria vector control is focused on two inter-
ventions: indoor residual spraying (IRS) and long-lasting
insecticide-treated nets (LLINs) that have successfully
reduced malaria transmission throughout sub-Saharan
Africa [1]. In public health vector control programmes,* Correspondence: sogoma@ihi.or.tz
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unless otherwise stated.efficacy of insecticidal tools (LLINs and IRS) is measured
by the epidemiological endpoints: malaria mortality and
morbidity, which can be related to reduced intensity of
transmission in the mosquito vector population [2]. Math-
ematical models have been used to explain dynamics of
malaria transmission through entomological, immuno-
logical and parasitological parameters that influence mal-
aria transmission [3] expressed as the basic reproductive
rate (R0). The basic reproductive rate refers to the number
of secondary disease infected persons arising from a single
infected person in a completely susceptible population [2].l Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
Table 1 Entomological parameters of the vectorial
capacity targeted by effects of airborne insecticides on
mosquito behaviour and the measurement in this study
Effect of airborne insecticides Parameter of the
vectorial capacity
System of
study
Deterrence ma2 Field
Excito-repellency and irritancy ma2 Semi-field
Toxicity m, p Field and
semi-field
Reduced fecundity (ability of
mosquitoes to lay eggs)
m Semi-field
Feeding inhibition (mosquitoes
prevented from blood feeding)
ma2 Semi-field
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duce R0 to less than 1.
Garrett-Jones [4] described the relationship between
entomological parameters that influence malaria trans-
mission, termed the vectorial capacity of a mosquito
population. Vectorial capacity equation, subsection). The
parameters of the entomological equation include mos-
quito abundance (m), mosquito daily survival (p) (the vec-
tor must live long enough for parasites to develop to the
infective stage inside the mosquito) and frequency of con-
tact between mosquitoes and humans through the man
biting rate (ma). Vectorial capacity is defined as the ex-
pected number of new human malaria infections dissemi-
nated per human per day, by a mosquito population from
a single case, presuming that all vector females feeding on
the case become infective [2].
Vectorial capacity equation
The vectorial capacity equation as described by Garrett-
Jones is as follows: C =ma2pn/−logep. C = vectorial cap-
acity, ma = density of mosquitoes per person per night,
a2 = average frequency of biting on humans (a is squared
because a mosquito must bite twice; 1st to receive para-
sites and 2nd to transmit them), p = the probability of
daily survival of the mosquito and n = the duration of
sporogony i.e the time required for the parasites to de-
velop in the mosquito (extrinsic period).
According to the vectorial capacity equation, changes
to different aspects of the life cycle of mosquitoes will
have differential impacts on malaria transmission [5]. For
instance, a reduction in mosquito density (m) leads to an
equal reduction in vectorial capacity because of their lin-
ear relationship, while a reduction in biting rate (ma) leads
to a two-fold reduction in transmission due to the quad-
ratic relationship (arising from the fact that mosquitoes
need to feed twice to transmit malaria: once to become in-
fected and once to infect) [5]. Importantly, interventions
that affect the survival rate (p) of mosquitoes have the
greatest impact on transmission due to their exponential
relationship [5,6]. Therefore, it becomes obvious why
LLINs are such a successful vector control tool: they re-
duce man-vector contact (ma) because they create a bar-
rier between mosquitoes and humans, reduce mosquito
average daily survival (p) through their insecticidal mode
of action and therefore also affect mosquito density (m).
Although the primary entomological modes of action
(ENMoA) of insecticides used for LLINs and IRS are rapid
knockdown and mortality, studies have shown other ef-
fects of insecticides that include 1) deterrence: when mos-
quitoes are prevented from entering human dwellings
treated with insecticides [7,8]; 2) irritancy: when mosqui-
toes contact insecticide surfaces inside houses and leave
early [7]; 3) excito-repellency; when mosquitoes contact
airborne insecticides and leave the house and 4) feedinginhibition; when mosquitoes are prevented from biting
and getting blood meals [7]. The ENMoA of insecticides
affect various aspects of the mosquito life cycle and this
largely influence the success of any intervention. Despite
emphasis placed on the importance of toxic insecticides,
studies show that some highly effective insecticides, such
as DDT (dichlorodiphenyl trichloroethane), are primarily
spatial repellents and feeding inhibitors [9] while toxicity
is a lesser, but still important feature [9,10]. In fact, the
success of DDT is attributed to its deterrence and irri-
tancy, and only to a lesser extent to its mortality [10,11].
Mosquito coils, vaporizer mats and emanators also in-
duce repellency, irritancy, feeding inhibition and toxicity
[12,13]. The impact of coils and emanators on vector
borne diseases has been proven. These tools act over a
distance by evaporating insecticides into a given space,
hence are known as spatial repellents. This mode of ac-
tion has parallels with the deterrent, feeding inhibition
and excito-repellent modes of action of DDT. For this
reason, it is worthwhile to compare their effects on ento-
mological components that pertain to vectorial capacity.
It is hypothesized that insecticides that have more than
one mode of action affect different parameters of the
vectorial capacity (m, a, ma, p,) and are likely to bring
forth greater changes in transmission than anticipated if
only toxicity is considered.
The purpose of this study was to quantify the effect of
airborne pyrethroids released by mosquito coils on mos-
quito behaviour. Emphasis was placed on outcome mea-
sures that influence entomological parameters of malaria
transmission (Table 1) and to compare the mode of ac-
tion of transfluthrin and metofluthrin coils against DDT,
representing a gold standard insecticide with known im-
pact on malaria transmission [11].
Methods
Studies were conducted in experimental huts in the field
with wild Anopheles arabiensis mosquitoes and in a
semi-field system [14] with laboratory reared Anopheles
gambiae sensu stricto (s.s.) as a standard test organism
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mine the effect of DDT, Metofluthrin and Transfluthrin
coils on parameters of vectorial capacity using experi-
mental huts.
Outcomes measured in the field
Deterrence
Deterrence refers to reduced house entry of mosquitoes
resulting to reduced indoor densities. It was determined
by comparing the total number of mosquitoes in huts
with insecticides to control huts. The total number of
mosquitoes inside huts included: live and dead mosqui-
toes in exit traps, dead mosquitoes found on the floor as
well as mosquitoes found resting inside the hut.
Toxicity
Toxicity of coils and DDT was determined by comparing
the proportion of dead versus live mosquitoes in insecti-
cide huts to the control huts. Mosquitoes collected from
huts were kept for 24 hours in an insectary after which
mortality was recorded.
Outcomes measured in the semi-field
Contact irritancy and excito-repellency
Contact irritancy and excito-repellency refer to the rate
at which mosquitoes exit huts after physical contact with
insecticide treated surfaces or airborne insecticides, re-
spectively. The exit rate is the proportion of female mos-
quitoes found in the exit traps at the top of every hour
compared with the total number found inside huts (rest-
ing or dead on the floor) relative to the control hut. The
increased or premature exit of mosquitoes is the esti-
mated irritancy or excito-repellency [16] of insecticides
used in the house.
Toxicity
The number of dead versus live mosquitoes out of those
recaptured was compared between huts. Mortality was re-
corded after 24 hours. The difference in mortality between
a control hut (natural mortality) and a treated hut allows
assessment of the insecticide-induced mortality [16].
Blood feeding inhibition
Feeding inhibition was determined by comparing the
number of blood fed versus unfed mosquitoes of total
mosquitoes recaptured from huts.
Reduced fecundity of mosquitoes
Fecundity was determined by comparing the proportion
of blood fed mosquitoes that laid eggs after exposure to
different treatments compared to the control. In addition,
the total number of eggs laid by each mosquito was
determined.Experiment 1: field
Study area
The study was conducted in Lupiro village in the
Kilombero valley in the South East of Tanzania. Annual
rainfall ranges between 1200 and 1800 mm with two
rainy seasons per year: November to December and
January to April. Annual mean temperature ranges be-
tween 20-32°C. Communities in Lupiro practice irrigated
rice farming that provides suitable mosquito breeding
conditions. Anopheles arabiensis is the dominant species
(>95% of the malaria vector population) with the remain-
der comprising Anopheles funestus sensu lato (s.l.) mos-
quitoes. There is a high density of culicines comprised of
Culex and Mansonia species [17]. A study conducted at
the same time and site indicated 100% susceptibility of
An. arabiensis mosquitoes to World Health Organization
recommended doses of DDT and between 95.8% and
90.2% for Permethrin, Lambda cyhalothrin and Delta-
methrin [18].
Treatments
Mosquito coils were used at a standard dose recom-
mended and approved by the World Health Organization
for Pesticides (WHOPES). They included Transfluthrin
(0.03%) and Metofluthrin coils (0.00625%). Seventy-five
percent pure DDT wettable powder (AVIMA, South
Africa) was applied to woven palm leaf mats using Hud-
son sprayers at 2 g/m2 concentration of the active ingre-
dient. DDT was sprayed on mats that could be rotated
between huts during experiments. Rotation of treat-
ments between huts is a crucial part of experimental
hut study design because it minimizes the spatial bias
between huts that often affects relative mosquito dens-
ity and behaviour.
Palm woven mats were measured and cut out to fit
the entire surface of the inside wall of an experimental
hut. The reverse side of the mats was covered with plas-
tic sheets (Figure 1) to prevent contamination of experi-
mental hut surfaces with DDT during rotation of mats
between huts. Two sets of mats were prepared, the control
was sprayed with water and the other set was sprayed with
DDT at a dose of 2 g/m2 as recommended by WHOPES
[16] using a separate Hudson sprayer for each treatment.
The quantity of DDT required to cover walls of one hut
was determined by measuring the surface area of walls.
The amount of DDT required in g/m2 was calculated and
weighed. The volume of water required for mixing DDT
was determined by pouring a known amount of water in a
Hudson sprayer. The sprayers were calibrated to 55 psi
and control mats were sprayed with water. The volume of
water used in the control was measured and an equal
volume of water was used for mixing DDT in a plastic
bucket. Spraying was conducted in a disposable tent lo-
cated 50 metres from experimental huts (Figure 1). The
Figure 1 Spraying palm woven mats with DDT. Palm woven mats previously cut out to fit on the walls of experimental huts were sprayed
with 2 g/m2 DDT. Spraying was conducted in a temporary structure that was later burnt. Spraying the mats instead of the walls ensured that
mats could be moved easily from one hut to another without contaminating the walls. This allowed rotation of treatments between huts.
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walls using removable staples so that they could be de-
tached easily during rotation (Figure 1).
Experimental huts
Studies were conducted in Ifakara experimental huts [19]
(Figure 2). Initially, information about the size, design of
the houses and the materials required for constructing the
roofs and walls was collected through a house hold survey
conducted in Kilombero valley. The local houses (Figure 3)
in this region are constructed with corrugated iron sheets
or thatched roofing and walls are constructed with bricks
or mud. This information was used in the construction of
experimental huts to ensure a good representation of local
houses in Kilombero valley. The experimental huts meas-
ure 6.5 m long, 3.5 m wide and 2.5 m high at the roof
apex. They are made of galvanized pipe framework, theroof is made of corrugated iron sheets and the inner walls
are made of removable mud panels while outer walls are
covered with canvas. The outer roof is grass thatched.
This provides cool temperatures inside huts just like in
local houses. Each experimental hut has one door and
four windows. The huts have open spaces (eaves) between
the roof and the wall similar to local huts. This results in
volume, surface area, temperature and air-flow profiles
similar to local homes, which is extremely important when
measuring spatially active vector control tools. Half of the
eaves and all of the windows are fitted with exit traps sus-
pended outside the huts to trap those mosquitoes that at-
tempt to leave. The traps are made of metal frames and
UV resistant black plastic coated fibreglass netting (Phifer,
USA). The traps are fitted with cotton sleeves through
which mosquitoes can be collected. On the eaves there are
spaces left between traps. These spaces are fitted with
Figure 2 Ifakara experimental hut. Experimental huts are representative of local houses found in the study area. The huts are rectangular and
similar to most houses within the area. The roof is made of iron sheets and a layer of grass at the top. The walls are made of mud panels and
canvas material on the outside.
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cannot leave. Mosquitoes can only leave through exit
traps. Previous studies indicated that entry behaviour of
mosquitoes in experimental huts was similar to local
houses [17].
Study design
A partially-randomized fully-balanced 4 × 4 Latin
square design was performed to determine efficacy of
DDT used as IRS, Transfluthrin and Metofluthrin coilsFigure 3 Local huts. Local houses in the study area are constructed with
constructed with bricks or mud. Most houses are rectangular in shape andin four experimental huts. The treatments were tested
for four nights per week and were rotated weekly.
Therefore, one balanced round of experiments was
completed in 16 days. Four rounds of 16 days were
performed (n = 64 nights). The treatments tested were:
1) standard control – DDT IRS; 2) negative control –
no insecticide used; 3) two Transfluthrin coils (0.03%)
per hut each night and 4) two Metofluthrin
(0.00625%) coils per hut each night. The huts were lo-
cated approximately 300 metres from local houses andcorrugated iron sheets or thatched roofing and the walls are
have open eaves.
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50 metres spaces left between them to minimize inter-
action between treatments. Treatments were randomly
allocated to huts with two male volunteers. Treatments
were not moved between huts on a nightly basis be-
cause of the possibility of a carryover effect of treat-
ments. The huts were left without treatments during
the fifth, sixth and seventh night in order to wash out
the effect of the previous treatment, after which treat-
ments were moved to the next hut. Two coils were
placed on the floor in the middle of the hut at the
start of the experiment and they were replaced with
new ones when they burnt out. Freshly sprayed DDT
mats were used for each round of experiment, mean-
ing that sprayed mats were used for one month and
kept in a store to be later burnt in an incinerator.Mosquito collection
Experiments were conducted between 24th November
2010 and 15th October 2011 for 64 nights. Experiments
took place each night between 1800 hours and 0600 hours.
Every evening, volunteers removed all insects and preda-
tors from exit traps to prepare huts for the next experi-
mental night and then they retired to bed. In coil huts,
technicians lit two coils and volunteers were given add-
itional coils and instructed to replace those that burnt out
before 0600 hours. Volunteers slept under untreated bed
nets and woke up at the top of every hour to collect
mosquitoes from exit traps. Mosquitoes were collected
between 1900 hours and 0600 hours using a mouth aspir-
ator and a spotlight for a maximum of 15 minutes each
hour. At 0600 hours, all mosquitoes resting inside the huts
as well as those found on the floor were collected. Mos-
quitoes were placed in paper cups labelled by the time and
place of collection (exit traps, resting on hut surfaces
and the floor), provided with 10% glucose solution
soaked on pieces of cotton wool and kept in a field
insectary for 24 hours. Mean temperature inside the in-
sectary was 29.1°C ± 3.0°C during the day and 26.7°C ±
2.3°C at night, while mean relative humidity was 70.6% ±
17.9% during the day and 75.7% ± 13.7% at night. The
insectary was located 50 m away from experimental huts.Mosquito handling and identification
Each morning, mosquitoes previously collected from huts
and kept for 24 hours in the insectary were morphologic-
ally identified as An. gambiae s.l., Mansonia spp. or Culex
spp. Mosquitoes were also grouped as either dead, alive,
fed or unfed. A sub sample of the Anopheles genus mos-
quitoes was randomly selected and transported to the
laboratory for further identification to species using ribo-
somal DNA-polymerase chain reaction (PCR) [20].Quality control: assessment of the carryover effect of
airborne insecticides
During experiments, there was a three-day wash out
period after four days of experiments when there were
no insecticides in the huts. Volunteers entered huts at
1800 hours and slept until 0600 hours. They collected
mosquitoes in exit traps, from resting surfaces inside
huts and the floor at 0600 hours. This experiment en-
abled us to determine whether the three-day wash out
period was sufficient to reduce any residual airborne in-
secticides before treatments were rotated between huts.
Assessment of residual efficacy of DDT on grass woven
mats
The method of evaluating residual efficacy of DDT on
grass woven mats was based on the WHO insecticide
testing guidelines [16]. Two locations on each of the four
“walls” of DDT sprayed mats were randomly selected.
WHO cones were attached on the walls using masking
tape and 10 laboratory-reared, 2–6 day old female nul-
liparous An. arabiensis mosquitoes were introduced into
each cone. The time was noted and mosquitoes were re-
moved from the cones after 30 minutes. Mosquitoes re-
moved from cones were kept in the field insectary and
monitored for 24 hours after which dead and live mosqui-
toes were recorded. Bioassays were conducted a day after
spraying and once every week for four weeks during ex-
periments. Additional control bioassays were conducted
simultaneously on control mats previously sprayed with
water only.
Experiment 2: semi-field
Semi-field system
Studies were conducted in experimental huts placed
inside a Semi-Field System (SFS) in Bagamoyo District,
Tanzania (Figure 4). Use of the SFS [14] allowed replica-
tions of experiments within a short period of time because
laboratory reared mosquitoes were used and therefore ex-
periments were not dependent on the season. In addition,
laboratory mosquitoes are disease free, therefore, not put-
ting volunteers at risk of being infected with mosquito-
borne diseases.
Mosquitoes
Insecticide susceptible mosquitoes of the species An.
gambiae s.s. (Ifakara strain) were used. The colony was
maintained by feeding larvae on Tetramin fish food and
adults on human blood between 3 and 6 days after emer-
gence and 10% glucose solution ad libitum. Temperature
and humidity within the insectary were maintained
between 28 – 29°C and 70 - 80% respectively. The mos-
quitoes used in the experiments were female nulliparous,
3–8 days old An. gambiae s.s. that had never blood fed
Figure 4 Semi-field system. The walls and the roof of the semi-field system (SFS) are made of metal frames and fibreglass netting material. It
was divided into four equal square sections divided by fibreglass netting. An experimental hut was placed in each compartment. The SFS [14]
allowed replication of experiments within a short period of time. Laboratory reared mosquitoes were used and were available throughout the
duration of experiments hence there were no delays as usually experienced in the field.
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experiments.
Study design
Four Ifakara design experimental huts (Figure 2) fitted
with window and eave exit traps were used inside the
SFS. The huts were placed in individual compartments
separated by 10 metres and a netting screen. A fully-
randomized fully-balanced 4 × 4 Latin square design
was performed to determine efficacy of DDT used as
IRS, Transfluthrin and Metofluthrin coils in four experi-
mental huts. The treatments were tested for four nights
per week. Therefore, one balanced round of experiments
was completed in 16 days. The treatments tested were:
1) standard control – DDT as IRS; 2) negative control –
no insecticide used; 3) two Transfluthrin coils (0.03%)
per hut each night and 4) two Metofluthrin (0.00625%)
coils per hut each night. Treatments and two male
volunteers were randomly allocated to each hut. The
pair of volunteers was rotated between huts every fourth
night while the treatments remained in the same huts
during the entire study period. Equal numbers of mos-
quitoes were used in each compartment, hence there
was no need to rotate the treatments between huts tominimize location bias as is the case in field experiment.
Experiments began each evening at 1930 hours when
volunteers entered respective huts. Technicians placed
two lit coils on the floor 0.5 m from the volunteer inside
respective huts (Figure 5A). After 10 minutes, the volun-
teers simultaneously released 100 female mosquitoes in
each hut from netting cages. The volunteers slept on
mattresses on the floor and did not use bed nets.Mosquito collection and processing
Technicians collected mosquitoes from exit traps at the
top of every hour from 2100 hours to 0700 hours using
mouth aspirators (Figure 5B, 5). Additional collection was
done at 0700 hours inside the huts to capture resting,
knocked down and dead mosquitoes using CDC backpack
aspirators (Figure 5C). Mosquitoes were placed in labelled
paper cups and provided with 10% glucose solution. They
were kept in an insectary with temperature at 28 – 29°C
and between 70 - 80% relative humidity. Each morning
mosquitoes were sorted as either dead or alive, and fed
and unfed. The total number of mosquitoes in each group
was recorded. Blood fed mosquitoes were kept in the in-
sectary in individual vials with moist filter paper and were
Figure 5 Process of collecting mosquitoes from experimental huts. A: A coil placed on the floor 0.5 m from the volunteer B: HN collecting
mosquitoes from exit traps using a mouth aspirator; C: AM collecting resting mosquitoes using a backpack aspirator; D: HN sorting mosquitoes
and keeping them in individual tubes for checking oviposition.
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vial was counted and recorded after 3 days.
Protection of participants and ethical approval
The male persons who slept in experimental huts were
recruited on a voluntary basis through written informed
consent after the risks and benefits of the study were
clearly explained, and they were free to leave at any time
during the study. The participants were screened for
malaria before the beginning of the study and those par-
ticipants found malaria positive were given artemisinin
combination therapy anti-malarial drugs and referred to
the nearest health centre. Those fit to participate in the
study were tested for malaria every two weeks. Adverse
events such as respiratory symptoms were monitored.
The participants were also compensated for their time
and effort. The ethical review boards of Ifakara Health
Institute IHI/IRB/No A-019-2007, the National Malaria
Research Institute Tanzania (NIMR/HQ/R.8a/Vol.1X/710)
and the London School of Hygiene and Tropical Medicine
(LSHTM ERB 5552) approved the study.
Statistical analysis
Some of the data was analysed using the R statistical
software version 3.02 [21] with significance level of 0.05
for rejecting the null hypothesis. All generalized linear
mixed models (GLMMs) were conducted using the lme4
package [22].Assessment of residual efficacy of DDT on grass woven
mats
Mortality of mosquitoes in different cone assays was cal-
culated as a proportion of the total number of those ex-
posed to the chemical.
Deterrence
Deterrence was determined using GLMMs. The model
included the number of mosquitoes as the response vari-
able (dependent variable) and the independent variables
included the hut and treatment as fixed factors and the
day of experiment as a random variable. The first model
did not account for overdispersion in the data (perform-
ing a Poisson GLMM), the second model accounted for
overdispersion by fitting a random intercept for each row
of the data (performing a log-normal Poisson GLMM)
and the third model was fitted with an interaction term
between hut and treatment and accounted for overdis-
persion. The models were compared using Aikaike’s In-
formation Criterion (AIC) [23] and the second model
was chosen because it had the smallest AIC.
Toxicity
The proportion of mortality in the field study was calcu-
lated using the following formula: 100 × (Dt–Dc)/Ec (The
proportion of dead mosquitoes Dt = number of mosqui-
toes dead in treated hut, Dc = number of mosquitoes dead
in control hut and Ec = total number of mosquitoes in
Table 2 Total mosquitoes collected from experimental huts in the field during the 3 – day wash out period
(experimental nights; n = 12)
Day of wash out N Median IQR RR 95% CI z value p value
1 1064 42.0 23.8 – 96.3 NA NA 11.168 NA
2 1238 46.0 34.5 – 100.8 50.3 [20.2 - 125.5] 0.240 0.810
3 1187 59.0 52.0 – 91.5 54.8 [22.0 - 136.7] 0.425 0.671
Legend: This table illustrates the indoor densities of mosquitoes of experimental hust that previously had coils and DDT. Entry of mosquitoes was measured for
3 days. N - Total number of mosquitoes; Median – Number of mosquitoes per experimental day; IQR – Interquartile range; RR – Relative rate CI –
Confidence intervals.
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determined by fitting a GLMM with binomial error and a
logit link function. The dependent variable was the pro-
portion of dead mosquitoes and independent variables
were treatment and trap (exit or floor or resting) included
as fixed factors while the day of experiment was set as a
random variable.Contact irritancy and excito-repellency
The number of mosquitoes that exited huts was com-
pared to those that stayed inside the huts that had insec-
ticides relative to the control. A GLMM with a binomial
error and a logit link function was fitted. The dependent
variable was the proportion of exiting mosquitoes. Inde-
pendent variables included treatment as fixed factor and
day as a random factor.
The rate at which mosquitoes left huts that had insec-
ticides was compared to the control huts using survival
analysis and Kaplan-Meier survival graphs. Analysis was
conducted with survival and splines survival packages in
R. The time at which an individual mosquito left the hut
was considered to be the “event”.Blood feeding inhibition
The proportion of blood-fed mosquitoes was compared
between the treatment and control huts in the semi-field
experiments. This was determined by fitting a GLMM
with binomial error and logit link. The dependent vari-
able was the proportion of unfed mosquitoes and inde-
pendent variables included treatment, volunteer and trap
type as fixed factors and day as a random variable.Table 3 Total mosquitoes that entered untreated huts that pr
Treatment N Median IQR
No insecticide 1054 47.0 22.0 – 110.3
Transfluthrin coils 737 71.0 28.0 – 92.5
Metofluthrin coils 877 67.0 39.8 – 103.0
DDT 2gm2 821 42.5 37.5 – 72.3
Legend: This table illustrates indoor mosquito densities in huts that previously had
the huts had no insecticides.
N = Total number of mosquitoes; Median = Number of mosquitoes per hut per nighReduced fecundity
The data was analysed in two different ways. The first
method was to determine the proportion of mosquitoes
that laid eggs after blood feeding in the presence of
insecticides in semi-field experiments. This was deter-
mined by fitting a GLMM with binomial error and logit
link. Treatment was included as a fixed factor and day of
experiment as a random variable.
The second method was used to determine the number
of eggs laid by blood fed mosquitoes exposed to insecti-
cides compared to the control. The effect on number of
eggs laid was determined using a GLMM. A Poisson model
was fitted with the number of eggs as the dependent vari-
able and the independent variables included treatment as a
fixed factor and the day of experiment as a random vari-
able. The best fitting model as measured by AIC did not
account for overdispersion.
Results
Experiment 1 field
The total number of mosquitoes collected was 30,280 of
which 19,593 mosquitoes were An. gambiae s.l., 2016
were Mansonia sp. 7829 were Culex quinquefasciatus,
136 were Stegomyia aegypti [24] and 706 were Anopheles
coustani. PCR analysis was conducted on species of An.
gambiae s.l., 100% (n = 975) of all successful amplifica-
tions were An. arabiensis mosquitoes.
Quality control: assessment of the carryover effect of
airborne insecticides
During the three-day wash period, the total number of
mosquitoes inside huts increased gradually from the firsteviously had insecticides (experimental nights; n = 12)
RR 95% CI z value p value
45.0 [23.1, 87.8] 11.168 NA
41.1 [33.6, 50.2] −0.897 0.369
51.1 [42.0, 62.3] 1.273 0.203
44.9 [36.8, 54.8] −0.014 0.989
coils and DDT. The mosquitoes were collected during the wash period when
t; IQR – Interquartile range; RR – Relative rate CI = Confidence intervals.
Table 4 Indoor mosquito densities in field experimental huts that had mosquito coils and DDT compared to huts that
did not have insecticides (n = 64 nights)
Treatment N Median IQR RR 95% CI z value p value
Anopheles arabiensis
No insecticide 5650 70.00 50.25 – 104.50 NA NA NA NA
Transfluthrin coils 3881 47.00 27.25 – 75.25 0.62 [0.47 - 0.87] −6.37 <0.001
Metofluthrin coils 4249 54.00 35.50 – 82.00 0.70 [0.50 - 0.98] −4.77 <0.001
DDT 2gm2 5813 67.00 41.50 – 108.75 0.92 [0.65 - 1.20] −1.22 0.224
Culex quinquefasciatus
No insecticide 2300 26.00 19.50 – 46.25 NA NA NA NA
Transfluthrin coils 1782 26.50 13.00 – 39.25 0.87 [0.73 - 1.05] −1.46 0.143
Metofluthrin coils 1645 22.50 13.75 – 36.25 0.72 [0.61 - 0.85] −3.80 <0.001
DDT 2gm2 2102 27.00 16.75 – 44.00 1.13 [1.01 - 1.28] −1.40 0.161
Mansonia spp.
No insecticide 947 12.00 8.75 NA NA NA NA
Transfluthrin coils 150 2.00 1.00 0.16 [0.07 - 0.19] −8.17 <0.001
Metofluthrin coils 185 2.00 0.75 0.12 [0.09 - 0.24] −7.56 <0.001
DDT 2gm2 734 9.00 5.75 0.50 [0.33 - 0.77] −3.16 0.002
Legend: The table illustrates reduction of indoor mosquitoes when huts were treated with coils and DDT, N- Total number of mosquitoes; Median – number of
mosquitoes per hut per night; IQR – Interquartile range; RR – Relative rate; CI – Confidence intervals.
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http://www.malariajournal.com/content/13/1/131day to the third but there was no significant difference
between the days (Table 2). There was no significant dif-
ference in the number of mosquitoes between huts that
previously contained insecticides and the control hut
(Table 3).Deterrence
All compounds deterred malaria vectors from entering
huts but coils had a greater impact than DDT (Table 4).
Transfluthrin coils reduced entry of An. arabiensismosqui-
toes by 38% (RR – 0.62 [0.47 - 0.87]; z = −6.37, p < 0.001).
Metofluthrin coils reduced An. arabiensis mosquitoes by
30% (RR – 0.70 [0.50 - 0.98]; z = −4.77, p < 0.001) while
DDT reduced them by 8% (RR – 0.92 [0.65 - 1.20];
z = −1.22, p = 0.224) (Table 4). Both Metofluthrin andTable 5 The proportion of the mortality of mosquitoes 24 ho
Treatment
Total dead
mosquitoes
Total
mosquitoes
recaptured
Crude mortality
Mean
proportion [95% CI]
Control 193 1067 0.17 [0.13 - 0.22]
DDT 836 1185 0.70 [0.65 - 0.74]
Metofluthrin
coils 763 1157 0.67 [0.63 - 0.72]
Transfluthrin
coils 727 1067 0.72 [0.68 - 0.76]
Legend: Experiments were conducted in experimental huts within a semi field syste
coils, DDT and no insecticide. Experiments were conducted for 16 nights. CI – Confi
proportion of mosquitoes.Transfluthrin coils reduced entry of Mansonia spp. mos-
quitoes by more than three quarters while DDT reduced
them by half (Table 3). There was no significant difference
in the number of Cx. quinquefasciatus mosquitoes entering
control, DDT and Transfluthrin huts although Metoflu-
thrin coils did reduce their entry.Toxicity
Mortality of mosquitoes after 24 hours in field experi-
ments was very low. Only 0.02% mortality of all mos-
quito species collected was observed.Residual efficacy of DDT on grass woven mats
Cone bioassays conducted on DDT mats on the second
day and a week after spraying showed 100% mortality ofurs after collection from experimental huts
OR [95% CI] Corrected mortality⌘ z value p value
Mean
proportion [95% CI]
1.00 [0.00 – 2.00] 0.00 [0.00 - 0.00] -10.04 NA
9.68 [4.19 – 21.00] 0.64 [0.60 - 0.67] 22.49 <0.001
8.77 [2.34 – 17.79] 0.61 [0.57 - 0.64] 21.96 <0.001
10.85 [1.53 – 21.01] 0.66 [0.63 - 0.70] 23.32 <0.001
m. Mortality of mosquitoes is compared between huts that had mosquito
dence intervals. ⌘ - Corrected using Abbott’s formula; OR – Odds ratios of the
Figure 6 Survival curves illustrating the rate at which
mosquitoes left huts with DDT, transfluthrin and metofluthrin
coils. The curves represent the rate at which mosquitoes exit huts
that have different insecticides compared to the control. Time
(hours) to which mosquitoes left huts: 1–2100, 2–2200, 3–2300,
4–0000, 5–0100, 6–0200, 7–0300, 8–0400, 9–0500, 10–0600, 11–0700.
Analysis was based on a Kaplan-Meier stepped survivorship function.
Each curve represents one treatment.
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http://www.malariajournal.com/content/13/1/131mosquitoes after 24 hours. Mortality dropped in the
second, third and fourth week to 73%, 92% and 90%,
respectively. It is likely that DDT flaked off from mats
when they were moved between huts resulting in re-
duced residues hence reduced toxicity. There was no
mortality in the bioassays conducted on control mats.Experiment 2: semi-field
Seventy percent (n = 4476/6400) of the mosquitoes re-
leased in the huts were recaptured. The relatively low re-
covery rate could be explained by loss of mosquitoes that
might have been eaten by predators and those that es-
caped through small cracks in the huts or when the door
was opened briefly. However analysis was conducted on
recovered mosquitoes and not released mosquitoes.Table 6 Mortality of mosquitoes collected from exit traps com
Treatment Mosquitoes in exit traps
Dead mosquitoes/Total
mosquitoes Median
Control 91/313 0.35 0.19
DDT 286/581 0.52 0.30
Transfluthrin coils 273/599 0.49 0.34
Metofluthrin coils 333/645 0.35 0.25
Legend: The proportion of mortality induced by insecticides was measured in expe
between huts that had mosquito coils, DDT and no insecticides.
Median – median proportion of mosquitoes per hut per night; IQR – Interquartile raContact irritancy and excito-repellency
The proportion of mosquitoes that left huts that had
DDT, Transfluthrin and Metofluthrin coils was signifi-
cantly higher than the control (Table 5). Approximately
48% (95% CI: [0.44 -0.53]; z = 9.950, p < 0.001) of the
mosquitoes left DDT huts (Table 5). In huts with Trans-
fluthrin and Metofluthrin coils approximately 56% (95%
CI: [0.51 - 0.60]; z = 12.779, p < 0.001) and 55% (95% CI:
[0.51 -0.60]; z = 12.890, p < 0.001) left huts, respectively.
The rate at which mosquitoes left huts throughout the
night is illustrated using Kaplan Meier survival curves
(Figure 6). The highest exodus of mosquitoes from huts
was observed in the first half of the night (2100 –
0000 hours) regardless of treatment or control, but
overall, more mosquitoes exited when huts contained
DDT, Transfluthrin or Metofluthrin coils compared to
the control.Toxicity
The proportion of mortality in control huts was 18% (n =
193/1067). Therefore, Abbot’s correction formula was
used to correct for mortality induced by tested insecticides
because mortality in the control huts was more than 10%
[15]. There was a much higher proportion of mortality in-
duced by insecticides in the semi-field study compared to
the field. DDT induced 64% (95% CI: [0.60 - 0.67]; z =
22.49, p < 0.001), Transfluthrin induced 66% (95% CI:
[0.63 - 0.70] z = 23.32, p < 0.001) and Metofluthrin 61%
(95% CI: [0.57 - 0.64]; p < 0.001; z = 21.96) mortality
(Table 6). More than 90% of the mosquitoes collected in-
side huts that had mosquito coils and DDT had died
within 24 hours unlike in the control hut (Table 7). Out of
the mosquitoes collected from exit traps of DDT Trans-
fluthrin and Metofluthrin huts, 49%, 46% and 57%, re-
spectively died after 24 hours (Table 7).Blood feeding inhibition
Blood-feeding inhibition was the most pronounced
mode of action in all three treatments. Transfluthrin and
Metofluthrin coils had the highest impact on feeding ofpared to those collected inside experimental huts
Mosquitoes indoors
IQR Dead mosquitoes/Totalmosquitoes
Median2 IQR
– 0.43 102/754 0.15 0.09 – 0.18
– 0.75 550/604 1.00 0.94 – 1.00
– 0.55 454/468 1.00 1.00 – 1.00
– 0.73 430/512 1.00 1.00 – 1.00
rimental huts in a semi field system for 16 nights. Mortality was compared
nge.
Table 7 Mortality of mosquitoes collected from exit traps compared to those collected inside experimental huts
Treatment Mosquitoes in exit traps Mosquitoes indoors
Dead mosquitoes/total mosquitoes Median1 IQR Dead mosquitoes/total mosquitoes Median2 IQR
Control 91/313 0.35 0.19 – 0.43 102/754 0.15 0.09 – 0.18
DDT 286/581 0.52 0.30 – 0.75 550/604 1.00 0.94 – 1.00
Transfluthrin coils 273/599 0.49 0.34 – 0.55 454/468 1.00 1.00 – 1.00
Metofluthrin coils 333/581 0.35 0.25 – 0.73 430/512 1.00 1.00 – 1.00
Legend: The proportion of mortality induced by insecticides was measured in experimental huts in a semi field system for 16 nights. Mortality was compared
between huts that had mosquito coils, DDT and no insecticides.
Median1 – median proportion of mosquitoes in exit traps per hut per night; IQR – Interquartile range; Median2 – median proportion of mosquitoes inside each hut
per night.
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http://www.malariajournal.com/content/13/1/131mosquitoes. Transfluthrin coils reduced feeding by 98%
(95% CI: [0.96 - 0.99]; z = 22.03, p < 0.001), Metofluthrin
reduced it by 93% (95% CI: [0.90 – 0.95]; z = 25.57, p <
0.001) and DDT by 77% (95% CI: [0.73 - 0.81]; z = 24.10,
p < 0.001) (Table 8).
Reduced fecundity
The difference in the number of mosquitoes that laid
eggs versus those that did not lay eggs was determined
from the number that acquired blood meals. The pro-
portion of mosquitoes that laid eggs was low in all huts
(Table 9). There was no difference in the proportion of
mosquitoes that laid eggs between treatments relative to
the control. DDT reduced the total number of eggs laid
per female by 90% (RR – 0.10 [0.04 - 0.26]; z = −4.57,
p < 0.001), Transfluthrin coils by 97% (RR – 0.03 [0.01 -
0.15]; z = −4.13, p < 0.001 and Metofluthrin coils by 91%
(RR – 0.09 [0.03 - 0.27]; p < 0.001; z = −4.28) (Table 10).
Discussion
Traditionally, efficacy of insecticides for disease control
is attributed to toxicity while other effects are consid-
ered less important. The spread of insecticide resistance
threatens the sustainability of insecticides applied to kill
mosquitoes [25,26]. While development of new insecti-
cides is an undisputed requirement to fight insecticide
resistance, management of existing insecticides to pro-
long their usefulness is also necessary.
A critical look at the modes of action of insecticides
by several authors indicate that toxicity may not be the
single most important action of insecticides as far asTable 8 Insecticide induced blood-feeding inhibition of mosq
Treatment Proportion of unfed mosquitoesa OR [95%
Control 321/1120 1.00 [0.00
DDT 881/1047 13.21 [9.96
Transfluthrin coils 1164/1184 144.87 [67.19
Metofluthrin coils 1085/1146 44.27 [37.03
Legend: The proportion of mosquitos that were inhibited from blood feeding on hu
nights. The proportion of unfed mosquitoes was compared between mosquito coils
aunfed mosquitoes/total number of mosquitoes recaptured from the hut; OR – Odd
CI – Confidence intervals.malaria transmission is concerned [7,10,27,28]. Experi-
mental hut studies enable detailed observation of the im-
pact of insecticides on mosquito behaviour [29,30]. This
study substantiates the mode of action of reduced blood
feeding by mosquitoes [9] and irritancy [7,31] (Figure 7).
It is worth noting that despite the irritant effect of chemi-
cals, 49% 46% and 57% of the mosquitoes that left DDT,
Transfluthrin and Metofluthrin huts respectively died
after 24 hours (Table 7). Moreover this study shows that
the magnitude of these effects was similar between coils
and DDT (Figure 7).
Using figures collected from the field (deterrence) and
the semi field experiments (irritancy, feeding inhibition,
mortality and fecundity) it can be seen that in a scenario
where 100 mosquitoes approach a house, deterrence
comes into play in the first instance and only approxi-
mately 62, 70 and 92 mosquitoes enter the house with
Transfluthrin, Metofluthrin coils and DDT respectively.
The next behavioural effect of the insecticides is then
likely to be irritancy or excito–repellency. After mosqui-
toes are repelled and exit a house, 35, 39 and 44 would
remain inside the house with Transfluthrin, Metofluthrin
coils and DDT respectively. Of those, approximately 1, 3
and 10 mosquitoes would manage to acquire a blood
meal, which in turn directly influences the proportion of
eggs laid, i.e. female mosquito fecundity. Lastly, the sur-
vival rate of mosquitoes in Transfluthrin and Metoflu-
thrin huts would be close to 0 and approximately 10 in
DDT huts (Figure 8). This implies that through deter-
rence, irritancy and feeding inhibition of pyrethroid coils
and DDT, more than 90% of the mosquitoes would beuitoes in experimental huts
CI] Mean proportion [95% CI] z value p value
– 2.00] 0.15 [0.10 - 0.22] −7.49 NA
– 29.04] 0.77 [0.73 - 0.81] 24.10 <0.001
– 382.05] 0.98 [0.96 - 0.99] 22.03 <0.001
– 110.97] 0.93 [0.90 – 0.95] 25.57 <0.001
mans was measured inside experimental huts in a semi field system for 16
, DDT and no insecticide.
s ratios of the proportion of mosquitoes that are likely not to feed;
Table 9 The fecundity of mosquitoes after exposure to mosquito coils and DDT in experimental huts
Treatment Total mosquitoes that laid
eggs/total blood fed mosquitoes
OR [95% CI] Mean proportion [95% CI] z value p value
Control 202/614 1.00 [0.00 – 2.00] 0.33 [0.28 - 0.37] −7.36 NA
DDT 19/76 0.68 [−0.32 – 1.41] 0.20 [0.13 - 0.30] −2.41 0.016
Transfluthrin coils 1/6 0.41 [−0.36 – 3.02] 0.15 [0.02 - 0.61] −0.94 0.347
Metofluthrin coils 11/34 0.96 [−0.57 – 5.98] 0.24 [0.13 - 0.40] −1.13 0.258
Legend: Fecundity was measured by determining the proportion of mosquitoes that laid eggs out of those that successfully blood fed. Fecundity was compared
between mosquitoes exposed to mosquito coils, DDT and no insecticide inside experimental huts in the semi field system for 16 nights.
CI – Confidence intervals; OR – Odds ratios of the proportion of mosquitoes.
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http://www.malariajournal.com/content/13/1/131prevented from contacting humans inside houses before
mortality is even considered. By reducing human-vector
contact, coils and DDT directly influence the biting rate
of mosquitoes (ma): an important parameter of malaria
transmission Vectorial capacity equation, subsection). The
data collected on DDT, agrees with field observations [9]
of feeding inhibition and population level data that con-
sistently demonstrate a reduction in the Human Blood
Index (HBI) after DDT is applied to dwellings [32,33].
However, the experimental design does have the limitation
of combining data from two species: An. arabiensis and
An. gambiae s.s.
Studies have been conducted on the host preference
and time and place of biting and resting in Kilombero. It
is known that An. arabiensis, the dominant Anopheles
species in Kilombero, readily enter houses [17], and exit
to rest outside whereas An. gambiae s.s. feed and rest in-
doors (K. Kreppel, unpublished). The human blood index
(HBI) of An. arabiensis is related to the availability of hu-
man hosts, and since cattle are not common in Kilombero
due to the Tanzanian Government forcibly relocating
Pastoralists and their 250,000 cattle, An. arabiensis feeds
almost exclusively on humans in the area, indoors and
outdoors (K. Kreppel, unpublished). As the impact of
spatial repellents indoors was being measured, a standard
laboratory strain of An. gambiae s.s. for repellent testing
was used [15]. Previous unpublished work in local houses
demonstrated that An. arabiensis demonstrated a similar
response to 0.03% Transfluthrin coils as that measured in
experimental huts with >95% feeding inhibition as mea-
sured by human landing catch. It is possible that mortalityTable 10 The proportion of eggs laid by mosquitoes collected
Treatment Total number of eggs Median
Control 10089 649.0 44
Transfluthrin coils 57 0.0
Metofluthrin coils 526 0.0 0
DDT 2 gm2 837 42.0 6
Blood fed mosquitoes collected from huts that had mosquito coils, DDT and no ins
was compare between mosquitoes that had been collected from huts that had diff
Legend: Median – Total mosquitoes caught per hut; IQR – Interquartile range; RR –data was overestimated because An. arabiensis might be
more likely to leave treated huts than An. gambiae s,s., al-
though the vast majority of An. gambiae s.s. in the semi-
field did leave experimental huts unfed and subsequently
died. It would be worthwhile to repeat the study with An.
arabiensis, mosquitoes.
Coils and DDT induced more than two-thirds mortality
of mosquitoes in the semi-field experiments compared to
about 2% in the field. The mortality (18%) observed in
control huts may be attributed to poor handling of mos-
quitoes during collection. Resting mosquitoes were col-
lected using backpack aspirators that may have caused
mechanical damage to mosquitoes and increased mortal-
ity. However, mortality in the treatments was corrected
using Abbots formula. Higher mortality observed in semi-
field experiments compared to the field experiments may
be due to the fact that in the semi-field studies, volunteers
did not sleep under bed nets and were consequently more
attractive to host seeking mosquitoes that spent more time
around the host trying to feed. In the field where volun-
teers were protected by untreated bed nets mosquitoes
may have given up and left the huts. It is possible that
availability of an unprotected host and the need to obtain
blood outweighs the irritant or excito-repellency effects of
insecticides, meaning that mosquitoes spend more time in
the house trying to obtain a blood meal, hence acquire
more lethal insecticides. These observations provide useful
insights for malaria control programmes and demonstrate
that spatial repellents are useful for locations where people
do not use nets for cultural reasons [34] or where vectors
bite before people go to bed [35,36]. The mortality offrom experimental huts
IQR RR [95% CI] z value p value
3.5 - 943.0 NA NA 18.66 NA
0.0 - 0.0 0.03 [0.01 – 0.15] −4.13 <0.001
.0 - 57.5 0.09 [0.03 - 0.27] −4.28 <0.001
.0 - 82.5 0.10 [0.04 - 0.26] −4.57 <0.001
ecticides were kept in individual oviposition tubes and the number of eggs laid
erent insecticides.
Relative rate; CI – Confidence intervals.
Figure 7 Overall impact of insecticides on mosquito behaviour insides houses. The graph illustrates the mode of action of DDT,
Transfluthrin and Metofluthrin coils on mosquito behaviour. The outcomes measured included deterrence, irritancy, feeding inhibition and
toxicity. The value of deterrence was derived from the effect of insecticides on An. arabiensis mosquitoes from field experiments and irritancy,
feeding inhibition, mortality and fecundity of An. gambiae s.s. mosquitoes from the semi field system experiment.
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http://www.malariajournal.com/content/13/1/131mosquitoes induced by coils was as high as that of DDT.
More than 60% of the mosquitoes collected from huts
after exposure to coils died within 24 hours, having ac-
quired lethal doses. This has implications for vector
control programmes as it is thought that irritancy or
excito-repellency of insecticides used on LLINs attenu-
ates efficacy by preventing contact of mosquitoes with
treated surfaces [37,38]. In this study it is shown that
coils are capable of dispensing lethal doses of airborne
insecticides and have the potential to reduce mosquito
densities (m) and indirectly reduce chances that aFigure 8 Impact of insecticides on mosquito behaviour around and in
and Metofluthrin coils on the house entry and behaviour of 100 female An
house. Assumptions made included the fact that deterrence was the first m
fecundity. The data used was derived from field experiments for deterrence
toxicity and fecundity.mosquito would survive (p) long enough to become in-
fectious. This study also shows that airborne pyrethroids
reduce fitness of mosquitoes by reducing the number of
eggs laid. Reduced fecundity is an indirect measure of
pyrethroids on mosquito densities (m). However, further
studies will be performed to investigate the combined
impact (additional or deleterious) of indoor spatial re-
pellents combined with LLINs on mosquito mortality
and feeding success.
Among challenges facing malaria control, insecticide
resistance could be considered top of the list. In thissides houses. The graph illustrates the effect of DDT, Transfluthrin
. arabiensis and An. gambiae s.s. mosquitoes are approaching the
ode of action followed by irritancy, feeding inhibition, toxicity and
and semi-field system experiments for irritancy, feeding inhibition,
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quitoes is within the WHO set range of 80% - 97% at
which resistance is suspected [39]. Therefore low mortality
observed in the field could be attributed to slow emerging
resistance [40-42]. A study carried out in Benin indicated
that coils were effective against highly kdr resistant Cx.
quinquefasciatus quinquefasciatus (Raphael Nguessan pers.
comm). This indicates that spatial repellency may still pro-
vide protection where resistance has developed because
airborne pyrethroids have an olfactory mode of action at
low concentrations [43], different from the sodium channel
target. These data warrant further investigation to see
whether pyrethroid-resistant mosquitoes react differ-
ently to spatial repellents in ways that would affect vec-
torial capacity and malaria transmission.
The risk of mosquitoes being diverted to non-users of
spatial repellents is likely to be increased if mosquitoes
are prevented from feeding and continue host seeking
[44]. A recent study has shown that topical repellents
increase the proportion of mosquitoes to nearby non-
users by approximately 4 times [45]. Nevertheless, the
high toxicity of coils observed in the semi-field study
might contribute to community protection. Toxicity
coupled with the spatial activity of coils conferring
protection in a defined area, may minimize the risk to
non-users. In addition, almost half of the mosquitoes
that left huts with mosquito coils and DDT died after
24 hours, consequently minimizing the population of
mosquitoes that would be diverted to non-users within a
community.
Nevertheless, it is necessary to improve delivery for-
mats of airborne insecticides with the aim of expanding
protection to a household or a community. In addition,
it is essential to quantify the effect of using spatial repel-
lents among non-users at different coverage levels and
determine the implications on malaria transmission at a
community level through large-scale trials before they
are considered as a public health intervention.
Effectiveness of any vector control tool is influenced
by whether or not it protects users against nuisance
bites. Results from this study indicate that only Metoflu-
thrin coils reduced house entry of Cx. quinquefasciatus
mosquitoes by almost 28% in Lupiro village while DDT
and Transfluthrin coils had no effect. The impact of all
compounds on the entry of Mansonia spp. mosquitoes
was outstanding (Table 4). All compounds reduced entry
by more than 50%. It is necessary to develop spatial re-
pellents that are equally effective against nuisance mos-
quito species in order to enhance compliance.
It should be noted that mosquito coils need to be used
on a daily basis and produce smoke that could be harm-
ful in long term exposure and might not be desirable to
many people. The development of safer, effective, long
lasting passive delivery formats is underway [46,47].Conclusions
It is critical to determine the impact of spatial repellents
on malaria transmission. This study outlines several im-
portant entomological parameters that should be quan-
tified in a proof of concept clinical trial in order to
effectively determine the impact of spatial repellents on
malaria epidemiology. In this study spatial repellents
reduce human – vector contact and induce mortality,
hence directly affect ma, m and p which are among the
most important parameters of the vectorial capacity of a
mosquito population. In addition, the role of spatial repel-
lents in integrated approach of malaria control should be
critically considered with an aim of complementing exist-
ing mainstream tools. Most available control tools, such
as LLINs, require daily compliance by the user and may
only be fully effective where malaria vectors still bite in-
doors late at night. Spatial repellents may be a suitable
supplementary option where mosquitoes feed in the early
evening and/or rest outdoors. In addition, because they
render a given space mosquito free, they will protect mul-
tiple individuals in this space. The development of a pas-
sive spatial repellent that delivers the same mosquito
control benefits of the mosquito coils tested in this study,
but lasts for several weeks without the need for user com-
pliance would contribute considerably to vector borne dis-
ease prevention.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
SJM conceived the study; SBO, LML, MFM and SJM designed experiments.
JM and AM designed and constructed the experimental huts and the
semi-field system. SBO HN, RS, ES, MK, EM and MK conducted experiments.
DR identified the mosquitoes to species level using PCR. SBO, LML, KK, MFM
and SJM analysed the data. SBO drafted the manuscript in consultation with
the other authors. All authors read and approved the final manuscript.
Acknowledgements
Bill and Melinda Gates Foundation funded this study with the grant number:
51431. We appreciate the kind donation of mosquito coils by Maude
Christian Meier PHD of SC Johnson. We also appreciate the cooperation of
the people of Lupiro village for their hospitality and allowing us to conduct
research and also thank Dr. Mwelecele Malecela, Director of the National
Institute for Medical Research, and Dr. Leonard Mboera, for there kind
permission to publish this work.
Author details
1Ifakara Health Institute, Environmental Health and Ecological Sciences, P.O.
Box 74, Bagamoyo, Tanzania. 2London School of Hygiene and Tropical
Medicine, Keppel St, London WC1E 7HT, UK. 3Institute of Biodiversity Animal
Health and Comparative Medicine, University of Glasgow, Glasgow G12 8QQ,
UK. 4Swiss Tropical & Public Health Institute, Soccinstraße 57, 4002 Basel,
Switzerland. 5University of Basel, Petersplatz 1, 4003 Basel, Switzerland.
Received: 6 December 2013 Accepted: 23 March 2014
Published: 1 April 2014
References
1. Steketee RW, Campbell CC: Impact of national malaria control scale-up
programmes in Africa: magnitude and attribution of effects. Malar J 2010, 9:299.
2. MacDonald G: The epidemiology and control of malaria. London: Oxford
University Press; 1957.
Ogoma et al. Malaria Journal 2014, 13:131 Page 16 of 17
http://www.malariajournal.com/content/13/1/1313. Smith D, Battle KE, Hay SI, Barker CM, Scott TW, McKenzie FE: Ross,
Macdonald, and a theory for the dynamics and control of
mosquito-transmitted pathogens. PLos Pathog 2012, 8:e1002588.
4. Garrett-Jones C: The human blood index of malarial vectors in relationship
to epidemiological assessment. Bull World Health Organ 1964, 30:241–261.
5. Koella JC: On the use of mathematical models of malaria transmission.
Acta Trop 1991, 49:1–25.
6. MacDonald G: Epidemiological basis of malaria control. Bull World Health
Organ 1956, 15:613–626.
7. Grieco JP, Achee NL, Chareonviriyaphap T, Suwonkerd W, Chauhan K,
Sardelis MR, Roberts DR: A new classification system for the actions of IRS
chemicals traditionally used for malaria control. PLoS ONE 2007, 2:e716.
8. Kennedy JS: The excitant and repellent effects on mosquitoes of
sublethal contacts with DDT. Bull Entomol Res 1947, 37:593–607.
9. Malaithong N, Polsomboon S, Poolprasert P, Parbaripai A, Bangs MJ,
Suwonkerd W, Pothikasikorn J, Akratanakul P, Chareonviriyaphap T:
Human-landing patterns of Anopheles dirus sensu lato (Diptera:
Culicidae) in experimental huts treated with DDT or deltamethrin.
J Med Entomol 2010, 47:823–832.
10. Roberts DR, Alecrim WD, Hshieh P, Grieco JP, Bangs M, Andre RG,
Chareonviriphap T: A probability model of vector behavior: effects of DDT
repellency, irritancy, and toxicity in malaria control. J Vector Ecol 2000,
25:48–61.
11. Sadasivaiah S, Tozan Y, Breman JG: Dichlorodiphenyltrichloroethane (DDT)
for indoor residual spraying in Africa: how can it be used for malaria
control? Am J Trop Med Hyg 2007, 77:249–263.
12. Lawrence EC, Croft AM: Do mosquito coils prevent malaria? J Travel Med
2004, 11:92–96.
13. Ogoma SB, Moore SJ, Maia MF: A systematic review of mosquito coils and
passive emanators: defining recommendations for spatial repellency
testing methodologies. Parasit Vectors 2012, 5:287.
14. Ferguson HM, Ng’habi RK, Walder T, Kadungula D, Moore JS, Lyimo I,
Russell TL, Urrasa H, Mshinda H, Killeen FG, Knols GJB: Establisment of a
large semi-field system for experimenta study of African malaria vector
ecology and control in Tanzania. Malar J 2008, 7:158.
15. WHO: Guidelines for efficacy testing of household insecticides products.
Mosquito coils, vaporizer mats, liquid vaporizers, ambient emanators and
aerosols. Geneva: World Health Organization; 2009. WHO/NTD/WHOPES.
16. WHO: Guidelines for testing mosquito adulticides for indoor residual spraying
and treatment of mosquito nets. Geneva: World Health Organization; 2006.
17. Ogoma BS, Lweitoijera DW, Ngonyani H, Furrer B, Russell TL, Mukabana RW,
Killeen GF, Moore JS: Screening mosquito house entry points as a
potential method for intergrated control of endophagic filariasis,
arbovirus and malaria vectors. PloS Negl Trop Dis 2010, 4:e773.
18. Okumu FO, Chipwaza B, Madumla EP, Mbeyela E, Lingamba G, Moore J,
Ntamatungro JA, Kavishe DR, Moore JS: Implications of bio-efficacy and
persistence of insecticides when indoor residual spraying and
long-lasting insecticide nets are combined for malaria prevention.
Malar J 2012, 11:378.
19. Okumu FO, Moore J, Mbeyela E, Sherlock M, Sangusangu R: A modified
experimental hut design for studying responses of disease-transmitting
mosquitoes to indoor interventions: the ifakara experimental huts.
PLoS ONE 2012, 7:2.
20. Scott JA, Brogdon WG, Collins FH: Identification of single specimens of
the Anopheles gambiae complex by the polymerase chain reaction. Am J
Trop Med Hyg 1993, 49:520–529.
21. R Development Core Team, Foundation for Statistical Computing Vienna.
Retrieved 2011 fhwR-po: R: A language and environment for statistical
computing. R. In Book R: A language and environment for statistical
computing. R. 2013. http://www.r-project.org.
22. Bates D, Maechler M, Bolker B: lme4: Linear mixed-effects models using S4
classes. R package version 0999375–39 Retrieved 2011, from http://cran.
r-project.org/web/packages/lme4/index.html. In Book lme4: Linear mixed-
effects models using S4 classes. R package version 0999375–39 Retrieved 2011,
from http://cran.r-project.org/web/packages/lme4/index.html; 2011.
23. Crawley MJ: Statistical modelling. The R book. 1st ed. The Atrium, southern
Gate, Chichester, west Sussex P019 85Q. England: John Wiley and Sons Ltd;
2007:353–354.
24. Reinert JF, Harbach RE, Kitching IA: Phylogeny and classification of Aedini
(Diptera: Culicidae), based on morphological characters of all life stages.
Zool J Linnean Soc 2004, 142:289–368.25. Kelly-Hope L, Ranson H, Hemingway J: Lessons from the past: managing
insecticide resistance in malaria control and eradication programmes.
Lancet Infect Dis 2008, 8:387–389.
26. Ranson H, N’guessan R, Lines J, Moiroux N, Nkuni Z, Corbel V: Pyrethroid
resistance in African anopheline mosquitoes: what are the implications
for malaria control? Trends Parasitol 2011, 27:91–98.
27. Muirhead-Thompson RC: The significance of irritability, behaviouristic
avoidance and allied phenomena in malaria eradication. Bull World
Health Organ 1960, 22:721–734.
28. Roberts DR, Alecrim WD: Behavioral response of Anopheles darlingi to DDT-
sprayed house wall in Amazon. Bull World Health Organ 1991, 25:210–217.
29. Smith A, Obudho WO, Esozed S, Myamba J: Verandah trap hut of
mosquito coils with high pyrethrum I/pyrethrin II ratio against Anopheles
gambiae Giles. Pyrethrum Post 1972, 11:138–140.
30. Smith A, Webley DJ: A verandah trap for studying the house-frequenting
habits of mosquitoes and for assessing insecticides. Part III. The effect of
DDT on behaviour and mortality. Bull Entomol Res 1968, 59:33–46.
31. Ogoma BS, Ngonyani H, Simfukwe E, Mseka A, Moore J, Killeen GF:
Spatial repellency of Translfuthrin-treated hessian strips against
laboratory-reared Anopheles arabiensis mosquitoes in a semi-field
tunnel cage. Parasit Vectors 2012, 5:54.
32. Garrett-Jonesa C, Borehama PFL, Panta CP: Feeding habits of anophelines
(Diptera: Culicidae) in 1971–78 with reference to the human blood index:
a review. Bull Ent Res 1980, 70:165–185.
33. Loyola EG, Rodriguez MH, Gonzalez L, Arredondo JI, Bown DN, Vaca MA:
Effects of indoor residual spraying of DDT and Bendiocarb on the
patterns of Anopheles pseudopunctipennis in Mexico. J Am Mosq Contr
Assoc 1990, 6:635–640.
34. Mbonye AK, Neema S, Magnussen P: Preventing malaria in pregnancy: a
study of perceptions and policy implications in Mukono district, Uganda.
Health Policy Plan 2006, 21:17–26.
35. Geissbühler Y, Chaki P, Emidi B, Govella NJ, Shirima R, Mayagaya V, Mtasiwa
D, Mshinda H, Fillinger U, Lindsay SW, Kannady K, de Castro MC, Tanner M,
Killeen GF: Interdependence of domestic malaria prevention measures
and mosquito-human interactions urban Dar es Salaam, Tanzania.
Malar J 2007, 6:126.
36. Govella NJ, Okumu FO, Killeen GF: Insecticide-treated nets can reduce
malaria transmission by mosquitoes which feed outdoors. Am J Trop Med
Hyg 2010, 82:415–419.
37. Gu W, Novak RJ: Predicting the impact of insecticide-treated bed nets on
malaria transmission: the devil is in the detail. Malar J 2009, 8:256.
38. Killeen GF, Smith TA: Exploring the contributions of bednets, cattle,
insecticides and excito-repellency to malaria control: a deterministic
model of mosquito host-seeking behaviour and mortality. Trans R Soc
Trop Med Hyg 2007, 101:867–880.
39. WHO: Report of the WHO informal consultation. Test procedures for insecticide
resistance monitoring in malaria vectors, bioefficacy and persistence of
insecticides on treated surfaces. Geneva: World Health Organization; 1998.
40. Kabula B, Tungu P, Matowo J, Kitau J, Mweya C, Emidi B, Masue D, Sindato
C, Malima R, Minja J, Msangi S, Njau R, Mosha F, Magesa S, Kisinza W:
Susceptibility status of malaria vectors to insecticides commonly used
for malaria control in Tanzania. Trop Med Int Health 2012, 17:742–750.
41. Kabula B, Tungu P, Malima R, Rowland M, Minja J, Wililo R, Ramsan M,
McElroy PD, Kafuko J, Kulkarni M, Protopopoff N, Magesa S, Mosha F,
Kisinza W: Distribution and spread of pyrethroid and DDT resistance
among the Anopheles gambiae complex in Tanzania. Med Vet Entomol
2013. doi:10.1111/mve.12036. [Epub ahead of print].
42. Okumu FO, Mbeyela E, Lingamba G, Moore J, Ntamatungiro AJ, Kavishe DR,
Kenward MG, Turner E, Lorenz LM, Moore SJ: Comparative field evaluation
of combinations of long-lasting insecticide treated nets and indoor
residual spraying, relative to either method alone, for malaria prevention
in an area where the main vector is Anopheles arabiensis. Parasit Vectors
2013, 6:46.
43. Bohbot JD, Fu L, Le TC, Chauhan K, Cantrell CL, Dickens JC: Multiple
activities of insect repellents on odorant receptors in mosquitoes.
Med Vet Entomol 2011, 25:436–444.
44. Moore SJ, Davies C, Cameron MM: Are mosquitoes diverted from
repellent-using individuals to non-users? Results of a field study in
Bolivia. Trop Med Int Health 2007, 12:1–8.
45. Maia MF, Onyango SP, Thele M, Simfukwe ET, Turner EL, Moore SJ: Do
topical repellents divert mosquitoes within a community? Health equity
Ogoma et al. Malaria Journal 2014, 13:131 Page 17 of 17
http://www.malariajournal.com/content/13/1/131implications of topical repellents as a mosquito bite prevention tool.
PLoS One 2013, 8:e84875.
46. Kawada H, Maekawa Y, Tsuda Y, Takagi M: Laboratory and field evaluation
of spatial repellency with Metofluthrin-impregnated paper strip against
mosquitoes in Lombok Island, Indonesia. J Am Mosq Control Assoc 2004,
20:292–298.
47. Kawada H, Temu EA, Minjas NJ, Matsumoto O, Iwasaki T, Takagi M: Field
evaluation of spatial repellency of Metofluthrin-impregnated plastic
strips against Anopheles gambiae complex in Bagamoyo, Coastal
Tanzania. J Am Mosq Control Assoc 2008, 24:404–409.
doi:10.1186/1475-2875-13-131
Cite this article as: Ogoma et al.: An experimental hut study to quantify
the effect of DDT and airborne pyrethroids on entomological parameters
of malaria transmission. Malaria Journal 2014 13:131.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
